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I. INTRODUCTION

This report describes the results for the second year of a research study
directed toward the development of directionally solidified oxide matrix-metal
eutectic materials for use in aircraft 3as turbines. This work was supported
by Naval Air Development Center contract f62269-75-C-0120, with Mr. I. Machlin
of th e Nlavai Air Systems Command as technical consultant and the Naval Air
Development Center, Warminster, PA, as the contracting agency.

There are a number of circumstr.nces which could produce improvements in
the mechanical properties of ceramic-metal materials with a directional eutectic
microstructure over that available from hot-pressed ceramics. An immediate

possibility is that at high temperatures the minor metal phase will have the
high strength characteristic of a material in whisker form and that this phase
will directionally reinforce the somewhat ductile ceramic matrix in a typical
composite manner. The reality of this possibility has been demonstrated inI
numerous metallic eutectic systems. Figure 1 shows that over a wide range of
temperatures, similar Petch type equations relate strength to the spacing be-
tween phases in a eutectic (Ref. 1) just as they relate the strength to grain
size in hot-pressed ceramics.

An important advantage of directionally szIidified eutectics for high
temperature strength applications is that their microstructure is extremely
stable, practically to the melting point (Ref. 2). This stability results from
the fact that their microstructures are produced directly from the molten state
under conditions of thermodynamic equilibrium. If grain boundaries are pres-
ent in these microstructures they are relatively few in number and generally
parallel to the axis of primary reinforcement.

The strength of a eutectic composite at lower temperatures, where both
phases may be more brittle, may be enhanced by a suitable selection of phases
so that the matrix phase is placed in compression upon cooling due to differ-
ences in thermal expansion between the phases. A tensile stress applied to the
bulk composite then will not result in a tensile stress in the continuous ceramic
matrix phase until the compressive prestress is overcome. Tension is the primary
failure mode of ceramic materials. The effectiveness of prestressing in in-
creasing the strength of a ceramic matrix composite has been demonstrated (Ref.
3) and surface type prestressing is of considerable commercial importance in
the glass industry. If, in addition to the prestress contribution, the matrix
has a lower elastic modulus than the reinforcing phase, the amount of stress
seen by the matrix phase during tensile loading of the composite will be even
further reduced. A proportionately larger fraction of the applied stress is
carried by the minor phase as the ratio of the modulus of reinforcing to matrix
phase is increased.
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fhe fracture of brittle materials is usually believed to involve the sudden
grcw*,: of very fine flaws, called "Griffith Microcracks", which are always pres-
ent in these materials. The importance of a flaw depends upon its size. Frac-
ture normally involves the growth of the "critical" flaw which is the largest

microcrack with the appropriate orientation to the applied load. Because the
distribution of these flaws is random, the actual strengths of ceramics show a
statistical digtribution which is also a function of volume stressed. Some en-
couraging efforts have been made to limit the size of microcracks by the pres-
ence of a fine dispersion of second phase particles. If ceramic eutectics with
a very fine, uniform microstructure can be produced, improved mechanical prop-
erties nay be observed because the size of these microcracks are significantly

limited.

The incorporation of a metal whisker phase into a ceramic should dramati-
cally enhance the thermal conductivity and hence the resistance to thermal shock
of the ceramic. A number of investigators (Refs. 4,5) have noted improvements

in thermal shock resistance made by metal wire additions. Satisfactory resis-

tance to thermal shock is a serious requirement for an aircraft gas turbine Dart.

The impact strengths of ceramics are generally so low that they are not
usable in many important applications for which they might otherwise be well
suited. The main mechanism by which energr is absorbed during fracture of
brittle materials is through the production of new surfaces. The presence of

a finely dispersed, high modulus fibrous or lamellar phase may function to

deviate cracks and thus increase the amount of fracture surface produced during
failure. These energies can be increased significantly if cracks are deflected
so as to follow the dispersed phase-matrix interface. The Ni 3AI-Ni 3Cb inter-

metallic eutectic is an example where cracks are blunted and deflected along
these interfaces rather than propagating in the usual brittle manner. An
example of this delamination process is shown in Fig. 2. Although this ma-

terial shows practically no tensile ductility at room temperature, it has a
room temperature Charpy impact strength of about 1.75 ft-lbs for half-sized,

notched samples.

In prior work sponsored by the Office of Naval Research at the United Tech-

nologies Research Center, it was demonstrated that directionally solidified

oxide-oxide ceramic eutectics could exhibit exceptional strengths, particularly

at elevated temperatures. Figure 3 shows flexural strength data for the A12 03-
ZrO2 (Y2 03 ) eutectic at 1575°C (2865'F) compared with values obtained for a good

commercial polycrystalline A12 03 material at the same temperature (Ref. 6).
The fracture toughness of this eutectic, as evaluated by the work-to-fracture

technique, also showed significant increases over that required for single

phase A12 03.
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Measurements of the work of fracture of directionally solidified !4g0-CaO

and Zr'-2-Ca'ZrO2 eutectics, both of which contain a relatively ductile oxide

phase, showed drwatic increases in their resistance to fracture at elevated

temperatures. Data for the ZrO 2-CaO'ZrO2 system are presented in Fig. 4. At

elevated temperatures these two eutectics apparently behave in the classic

composite manner wherein a ductile matrix phase is strengthened by a stronger

reinforcement phase which is relatively much less ductile.

The incorporation of a metal phase which can also absorb energy by plastic

flow can result in significant improvement in composite impact strength. In

earlier studies at UTRC, the impact strengths of ceramic composites containing

tungsten wires were examined. Charpy impact strengths of -2 ft-lbs were mea-

sured for half-sized unnotched samples of mullite-tungsten wire composites

with greater than i volume percent tungsten. In more recent work by Brennan

(Ref. 7) at UTRC sponsored by the Naval Air Systems Command, the Charpy impact

strength of hot-pressed Si3N44 was increased from 0.5 to 18.0 ft-lbs by the

addition of 23 volume percent tantalum wires. Hart (Ref. 8) has reported that

the Charpy impTact strength of the Cr20 3-Mo eutectic is about 2.5 times that of

fine grained A12b 3. Hie also reported a work-to-fracture energy for this eutec-

tic of 40 x j04 ergs/cm 2 (.029 ft-lb/cm 2 ). This is approximately four times

that of the A'2(33-ZrO2 (Y20 3 ) eutectic shown in Fig. 3. Taken all together, the

above fracture and impact data suggest that there is a considerable potential

for improved toughness in ceramic matrix-metal eutectic systems.

Research during the first year of support for this program (Ref. 9) by the

Naval Air Systems Command concentrated on a survey of various binary eutectic

possibilities. The literature provided very limited information concerning

metal-oxide phase equilibria. The primary intention was to identify metal-

oxygen systems in which the metal whisker phase might form a self-protective

oxide coating on exposure to air at elevated temperatures.

After some preliminary experiments with refractory metal strip heaters, the

arrangement shown in Fig. 5 using a carbon susceptor for heating in an R.F.

field was developed to make experimental melts for microstructural examination.

During these melting experiments, an optical pyrometer was also used to sight

directly on samples held in simple tungsten wire baskets to determine the tem-

peratures of incipient and complete melting. The initial powders used for

these samples were all of at least 99.9% purity and were hand mixed and iso-
statically cold pressed into rods at about 15,000 lbs/in.

2 using evacuated rubber

containers. Before melting, the samples were prefired in argon to about 13000C

(23700 F). Systems of interest were directionally solidified inside tungsten

tubes prepared by chemical vapor deposition. The molten zone inside these tubes

was produced by an external carbon ring susceptor in an R.F. field in an atmo-

sphere of argon. Additives which provided additional oxygen to the melt such

3
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as e') 2 , Cr 203 and W03 were often necessary to increase the metal solubility
su.:'iciently to form a continuous eutectic microstructure. A nunber oI po-

tentially i:ntcreting systems which responded well to directional solidification,
d 2(U-C(eU2-4'a, Y2 )3-CeO--Tat and Y20 3-CeO 2 -Y, could not survive a 24 hr exposure

to '11I, at I093C (2000 0 F). The Cr-A120 3 , Cr203 system, however, showed a sur-
face :ttack of only a few mils after an exposure of 60 hrs in air at 1425 0C
(26 u 0 F) .



iI. TEC~dUCA. iROGRECS

.elts Yde With "ungsten Baskets Inside Carbon Susceptors

:Melting experiments were made to determine the eutectic compositions along

the pseado-binary trough in the Cr-A1203-Cr20 3 ternary system. These composi-
tions were of snecial ii.terest because of the observation made during the first

year's effort that eutectics in this system had good resistance to oxidation.
"refired sample slugs were melted inside a carbon susceptor in an argon atmo-

sphere. The samples were held inside hand-made baskets made from 20 nil diameter
W + 3% Re wire. As shown in Fig. 5, the samples could be continuously observed

and their temperatures measured with an optical pyrometer through a quartz

window as thiey were beang heated. The temperatures of initial melting were
indicated by a rounding,-off of some sharp feature of the saxiple. Upon complete
melting, the samples normally remained within the baskets because of surface

:e:.sicn forces.

[elting temperature data obtained for a fixed ratio between A12C 3 and
Cr203 (0.7:0.3) for various additions of Cr metal is presented in Fig. 6.
Similar data were obta ined for other A-12 0 3 :Cr 20 3 ratios. Alumina and Cr 2 0 3

show complete solubility in all proportions with each other (Ref. 10). The
Cr-Cr 20 3 system was also examined and the literature data (Refs. 11,12) con-
firmed. Te determined the eutectic temperature and composition for the Cr-

Cr20 3 system as being approximately 1685C (30600?) and 24 weight percent Cr
compared with literature values of 1660 °C (30200 F) and 21 weight percent Cr.
Figure 7 shows the Cr-Cr 203-A120 3 ternary phase equilibrium diagram in argon

using a carbon susceptor heater as determined by our measurements. The exis-
tence of a true eutectic between Cr and A120 3 was not completely established.

The melting temperature measured for the eutectic at 20300C (36900F) is close
to that for pure A1 20 3 and the Cr in the microstructure was widely dispersed,
with the largest amounts-being concentrated at grain boundaries.

In prior work (Ref. 6) it was shown that a eutectic with outstanding high
temperature strength existed between A1 20 3 and ZrO 2 stabilized with Y20 3.

Melting experiments determined that the eutectic melting temperature for this

oxide was -18700 C (34000 F). Additions of Cr to this eutectic together with
a partial replacement of some of the A1 20 3 with Cr20 3 resulted in the discovery

of a ternary eutectic at approximately the following weight percentages: 24

Cr, 23.5 A120 3, 23.5 Cr20 3, 25 Zr0 2 and 4 Y 20 3. This eutectic melted at

approximately 1662 0C (30200 F) and consisted of whiskers of Cr and Zr0 2 sta-

bilized in the cubic structure by the Y203,uniformly dispersed in a matrix of
A120 3 and Cr20 3 in solid solution.
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A gcu'. ra s~umm.ry '. all of the melting experiments is presented in Table I.

. ... var~ty " , . it -ditons were made to ,hr, basic Cr-A 2 3 -Cr 2 3 system.
f .aiitn o f Ta and Ye, and replaement of the Cr by Ta or by

mixtures cf 'I', wit. Ta:-,t. hcolacement of Cr by Ta resulted in porosity and
evidence sf '-, additional oxide phase. In other melts there was evidence of

reacti;on with th, tunrsten wire basket and good riotai solubility. Evidence for

good :oisK ity of meta in the melt was assumed when the metal phase was un-

formly dispersed on a fine scale in a polished section. At the other extreme,

_ a :et". wit:. oor soiuIilit y the metal was ccncentrated in a few large spheres

r as irreguiar globs. Additions of Ta and Cr resulted in uneven metal solu-
* '"''° ._ , and a rcd-dike eutectic was seen. In other melts, porosity was an evi-

dn. ,r,. ........ a; weil as the presence of an additir.al oxide poase. Additions

of ir- ectic to "12 3 -Cr 2 03 solid sclutions also resulted in iso-
lated rtreas of od euteetic microstructures, a metal-metal eutectic and a

sirr defi.ne. Ldditic.al p{rain boundary phase. Melts with additions of

Ci resulted ir. extremely fine metal dispersions which could indicate

ei-:.er a eut22ti: or a <slid otate precipitation process.

elts f i'd and :;b witi A!lO 3 and Cr 2 0 3 showed porosity, poor metal solu-

bility anid contained additional oxide phases. These are probably suboxide

phases waich w.uld nst b<e strong or stable in an air environment at elevated

temperatures.

:4elts 'the Mg-.gy'Al 2 0 3 and Mgt'Al 2 'i-AI 2 0 3 eutectic compositions did

not show evidence of reaction with wires whereas reactions were evident with

Cr additions. in both cases there was evidence of metal solubility but regular

eutectic microstructures were not seen.

A mullite-zircon eutectic melt had a structure filled with long dendrites
which arpeared to have decomposed to form extremely; regular eutectic-like

structures at riiht angles to the direction of solidification. An examrle of

this microstructure is shown in Fig. 8. The areas between the dendrites appeared

to be glass. Chromium metal was not soluble in this melt.

Additions *sf Ta and Cr to the MgO'Al 2 0 3 spinel resulted in poor metal

solubility except for the ternary eutectic present in the grain boundaries.

Attempts to melt Fe with the FeO.Cr2C 3 -Cr 203 eutectic composition resulted

in extensive reaction with the tungsten basket. The problem was less with melts

made in A12 0- or A1 2 0 3 "MgO crucibles. Additions of both Fe and Cr to FeG'2r22a-

Cr203 also resulted in reaction with the W baskets. Reaction was less of a

problem when Mob- or A1 2 03 crucibles were used. A metal-oxide eutectic was ob-

served in the c7rain boundaries of these melts together with good metal solu-

bilities. Fipure 9 shows the typical microstructure observed in a melt of

6



ud F(!-O3 combined with a mixture of Fe and Cr showing good metal solu-
v:i '. y In . oter melts inside short tubes of CVD tungsten, porosity and exten-
sive metal solulility throughout was observed as well as reaction with the W.

Melts of Cr with the FeO'Cr 2O3 -Cr 20 3 eutectic composition in short CVI
tungsten tubs revealud two phase metal globs and areas of metal-oxide eutectic.
The oxide phase showed a tendency either to fin:: scale porosity or pittingl dur-

the apolishing operation.

2.2 Directional Solidification in Refractory Metal Tubes

Directional solidification experiments were conducted using as containers
.4nercial CVD tLngsten tubes*, 4 in. long x 3/8 in. I.D. with a 0.005 in. thick

.;all. The tubes fitted on the end of a refractory metal post and were traversed

by tois support down through a carbon ring susceptor which created a zone of
molten eutectic within the tube. A schematic of the apparatus is shown in Fig.
10. The bottom of the containment tube was self-sealed by the first melt which
solidified on or near the refractory metal support post. The upper end of the
t.ube was loosely sealed with a refractory metal cap. The use of a container was
-cnsidered desirable bepcause it ccrresponds more closely, than does a floating
molten zone approach, to current foundry practice. It had the addition advan-
tage that it tended to inhibit the loss of constituents by evaporation.

It became apparent that longer containment 'tubes would be desirable to make
ingots of good size. Attempts to use less costly tantalum tubes were abandoned
because of the-r reactivity. Longer ingots were made successfully using two
4 in. long tungsten tubes on top of one another held in position by several !turns

of :,lo foil fastened with tungsten wire. An internal capability to prepare 3/8 in.
I.De x 7 in. long tungsten tubes by chemical vapor deposition was then developed

under Corporate s!cnsorship. These tubes were used for the remainder of the
programr after some preliminary attempts to use tantalum tubes coated internally
with CVD) tungsten yore unsuccessful.

A major problem in making sound ingots was the elimination of the gases
evolved during melting. These gases when entrapped would result in the forma-

tion of a number of short ingot sections with air pockets in between and/or
bursting of the tungsten tubes. The use of a vibretor of variable force and

frequency at the bottom of the refractory metal support rod was of some help but
the best solution was to apply a weight of about 90 gns at the top of the ceramic-
metal charge rod and to use smaller feed rods (i.e. 1/16 in. diameter). all

•Ult-amet, Pacoima, CA
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Ow ed -. I [t i. the uTter sections of the tungsten, tubes were also fcu-nd to be

nt2 ul 1, rn relie of gas pressures.

eera, ssm::,ary of all of the directional solidification experiments is
cres:, 1 it 2,i : 1_. :'ny directionally solidified ingots of the Cr-fl/I2 3-

3 outc ctic itemr, were prepared. Most ingots had many small sections with
1.;ti y -, _d structure as shown, for exanple, in Fig. 11. Obtaining a un-

mc_-trusture t_;roughout was difficult. At speeds greater than
a. i on r 're structure becaxre cellular and it became especially difficult

ai tufrm micr structure. The cells tended to be divided into three
sc'. ±'ai el t- the direction of solidification in a similar manner as

2fwas r h Al2t 3-Zr3 2 (Y03) eutectic system (Ref. 6). All the whiskers

a --t er I. •rcw at the same large angle to the direction of solid-

I -. e maJor ifficulty with this system was the presence of

nal n cell boundaries. This problem was probably due to

e t yCr constituent. The ingots appeared to be pore-free on

-e and were oasiiy separated from the tungsten containment tubes.
- w- w - nr i vrortre mteria: with uniform, pore-free micro-

s tru_ tur-s, t.r tj: uxr d ?aro,?° impact sant>:; were prepared and tested at
,i .r i -. < < e inact strength otained was 0.01 ft-lb.

irec-OL.7: s ingots Ci the three rase eutectic, 24 w'o Cr,
. :... 0 ad menined earlier, were a: pre-

care tivectic ,.ad a microstructure similar to those observed in the
:r::'"- txide-txide utetic (Ref. 6). q.visrZers of Zr0 2 stabilized with Y2j3

-rw in a m , ti;)" of A Cr2t 3 solid solution with the chromiim metal associated
-i ri ar l , ', , .e zircc ia , rhast2.

r s ca 'on was only observed at solidification speeds below
~. ws a longitudinal view cf the microstructure obtained

at a soidifia -io. steed 2 0.5 cm/hr. The Cr02 phase is very irregular while
the metal phase shows :.o directionality. The Cr phase is associated primarily

with toe Eri 2 -' 213) rhase. 'I~he C-axis of 'ne 812 '3, Cr2 03 solid solution ad

toe 111] axis of the stabilized ZrO2 are parallel to the direction of solidifi-

cation. The orientation of the Cr phase has not been determined. Electron

micrcprobe experiments confirmed that the metal phase was pure Cr with only

trace amounts of tungsten present. Powder X-ray experiments confirmed that all
the zircon>i present had the cubic crystal structure.

in earlier studies of oxide eutectics it was observed that the ZrO, whiskers

preferred to grrow at a large angle to the liquid solid interface. Very perfect

microstructures; were obtained when the eutectic was grown from a properly oriented

seed. Figure i shows ..n transverse section the perfect whisker microstructure

that can be cbtained with the metal whisker reinforced eutectic when the Ail03 ,



Cr 2 ) 3 phase is forced to grow parallel to the [024] by use of a sapphire seed

crystal. In this picture the small whiskers are ZrO2 (Y203), the larger irreg-

ular cross-section whiskers are Cr metal and the matrix is A1 20 3 , Cr 2 o 3 in solid

solution.

The results of experiments conducted to measure the oxidation resistance of

the unseeded "ternary" eutectic are shown in Fig. 14. After an initial oxidation

of the exposed metal whiskers, there was practically no change in the weight of

this material in static air at 1425 0C (26000F).

The strengths of four samples of the unseeded "ternary" eutectic grown at

1.2 cm/hr were measured in bending at 15400 C (2800°F) in argon. The average

strengths were 23,400 lbs/in.
2 . The samples were brittle and there were jogs

-n the loading record suggesting cracking well below the ultimate strenrth.

After testing the samples were all observed to contain significant longitudinal

cracks. Many cracks were also observed in the sample used to obtain the oxi-

dation data presented in Fig. 14. Apparently this material contains appreciable

internal stresses which can be aggravated by heating.

A small series of solidification experiments were also run in which Fe was

present together with fe 2 0 3 as additions to the Cr-A12 03 -Cr 2 03 ternary. The

results, i.e. reaction, suggest that tungsten crucibles cannot be used to con-

tain melts witn Fe additions.

9|



III. SUMIARY A11D CONCLUSIONS

The phase equilibria diagram for the Cr-Cr 2 0 3-A1 2 0 3 system has been deter-

mined for melts made in argon inside a carbon susceptor.

IMany metal-oxide melt.s were made primarily in tungsten wire baskets in

search of' controllable, regular eutectic microstructures. Many systems show, 1
evidence of extensive metal solubility in the melts and in some case regiflar

eutectic structures were observed. This appeared to be particularly true when

the matrix was a spinel capable of a variable valence.

It was not possible to directionally solidify the Cr-Al2O3-Cr 2 03 ternary

eutectic with uniform microstructures free of fine scale porosity.

A multicomponent eutectic of stabilized zirconia and chromium whiskers in

an A1203, Cr203 solid solution matrix could be seeded with sapphire to grow with
very perfect microstructures. However, this eutectic tended to develo r cracks

when heated in air to elevated temperatures.

The multicomponent eutectic showed bend strengths of 23,),00 lbs/in.2 at

1540°C (28000F) in argon and a weight gain of about 3% after 52 hrs in air at

1425 0 C (26o%).

10



IV. iUTURE WOR K

The possibility of forming regular oxide-metal eutectics containing NiAl as

thu metal phase7 will be examined. This metal compound is relatively refractory

(,.i-. 17350 C) and it should have excellent resistance to oxidation.

The search for oxide matrix candidates will concentrate on the various

spinel compounds. These have cubic crystal structures which should also favor

regular eutectic microstructures. They also can have a variety of valence states

which should be favorable to metal solubility in the melt.

Because of recent difficulties with container-melt reaction, directional

solidification runs will be made without containers using the floating molten

zone technique.

The effects of small partial pressures of oxygen and neutral atmospheres
o, metal solubility in the melt will be examined. A Mo ring susceptor with Ta

heat shields has been used successfully to reach 1800
0 C (3270%F) in argon but it

has not been used as yet for melting eutectics.

11t
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Table I

Melting Runs in Tungsten Baskets

(Arcon Atmosphere, Carbon Susceptor)

Rwn r: Material (Wt %) Remarks (°C)

W-M-75-34 53 Cr20 3  Two samples run, both melting at 17540
25 Al2 03  corrected, molten 18080 corrected.

22 Cr

W-MP-75-35 53.5 Cr203  Completely molten at 17950 corrected.
22.35 AI20 3

24.15 Cr

W-Mp-75-36 55.2 Cr2 03  Meltini, 17530 corrected.
22.99 A12 03

21. 8 5 Cr

W-Mp-75-37 38.5 Cr2O; Melting 17320 corrected, molten 17950
38.5 A1203  corrected.
23 Cr

W-Mp-75-3'3  37.35 Cr20 3  Melting 17430 corrected, molten 17950

37.35 A1203  corrected.
25.3 Cr

W-Mp-75-39 39.65 Cr20 3  Completely molten 1795°C corrected.
39.65 A1203
20.7 Cr

W-MN-75-40 53.5 Cr203  Molten 17640C corrected.
22.35 A1203
24.5 Cr

W-Mp-75-41 39.65 Cr20 3  Basket came loose, run lost, repeated:

39.65 A1203  melting 17370 corrected, molten 17690

20.7 Cr corrected.

W-Mp-75-42 53.5 Cr203  Melting 17400 corrected, molten 17580

22.35 A120 3  corrected.
24.15 Cr

W-Mp-75-43 42 Cr203  Melting 17530 corrected, molten 17640
42 A120 3  corrected.
16 Cr
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Table I (Cont'd)

Run Material (wt %) Remarks (°C)

W-Mp-75-44 41 Cr2 03  Melted 17220 corrected, no further meltingr
41 A120 3  at 17480 corrected.

18 Cr

W-Mp-75-45 37 Cr2 03  Melting at 17530 corrected.

37 A12 03
26 Cr

W-Mp-75-46 52.99 Cr2 03  Melting 17530 corrected

22.01 A12 03
25 Cr

W-MP-75-47 52.28 Cr2 03  Melting 17640 corrected, molten 17740

21.72 A1203  corrected.

26 Cr

W-Mp-75-48 50.87 Cr2 03  Melting 17530 corrected, molten 17900

21.13 A12 03  corrected.

28.0 Cr

W-Mp-75-49 37 Cr2 03  Melting 16900 obs, 17530 corrected, molten
37 A1203 1710-20 obs, 17740-85o corrected.

26 Cr

W-MP-75-50 52.9) CrO- Melting 17530 corrected, molten 17850

22.01 A1203  corrected.

25.0 Cr

W-Mp-75-51 55.2 Cr2 03  Melting 17530 corrected, molten 17900
22.99 A120 corrected, repeated, same results.

21.85 Cr

W-Mp-75-52 42 Cr203  Melting 17530 corrected, molten 1774
42 A120 3

16 Cr

W-Mp-75-53 41 Cr2 03  Melting 17430 corrected, molten 17640
41 A12 03  corrected.

18 Cr

W-Mp-75-54 37 Cr2 03  Melting 17430 corrected, molten 17740

37 A12 03  corrected.
26 Cr

15



Table I (Cont'd)

Run Y Material (Wt %) Remarkz (CC)

W-Mp-75-55 53 Cr203  Melting 17530 corrected, molten 16690 -

22 A1203  17740 (not completely molten when removed).

25 Cr

W-Mp-75-56 76 Cr203 Melting 19220 corrected, completely molten

13.5 A120 3  1935 - 19400 corrected.
10.0 Cr

W-Mp-75-57 73 Cr203  Melting 18840 corrected, molten 19020
12.9 A12 03  corrected.

14.o Cr

W-Mp-75-58 71.4 Cr203  Melting 19300 corrected, molten 19440
12.6 A120 3  corrected.
16.o Cr

W-Mp-75-59 93 A1203  No melting up to 19550 corrected.
7 Cr Furnace problems, run stopped, repeated,

melting 2050 corrected, molten 20750 corrected.

W-Mp-75-60 90 A1203  Melting 2040°corrected,
10 Cr molten 2044corrected.

W-Mp-75-61 87 A1203  Melting 2075°corrected, molten
13 Cr 20850 corrected.

W-MNP-75-62 45 A1203  Melted 18560 corrected, repeated.
5 Cr203 Melting 18700 corrected, molten 18900
42.5 ZrO 2  corrected.

7.5 Y20 3

W-Mp-75-63 5.456 Cr20 3  Melting 18600 corrected, molten 18700
49.0 A1203  corrected.
38.66 ZrO2
6.84 Y2O3

W-Mp-75-64  4.0 Cr203  Melting 18800 corrected, molten 19300
36.0 A1203  corrected.
51.0 ZrO2
9.0 Y20 3

W-Mp-75-65 36.83 A1203  Melting 18080 corrected, molten
4.09 Cr203  18300 corrected.
28.96 Zro 2
5.13 Y203
25.0 Cr

16



Table I (Cont'd)

RUri 1 Material (Wt %) Remarks (0c)

W-Mp-75-66 39.28 A1203  Melting 1812 C corrected, molten
4.36 Cr203  18750 corrected

30.93 ZrO2

5.47 {203
20 Cr

W-Mp-75-67 41.74 Al203 Melting 18120 corrected, molten

4.64 Cr20 3  18480 corrected. Sample had pink color

32.86 ZrO2 after melting

5.13 Y203

1.5 Cr

W-Mp-75-6 8 10 Ta Melting 19350 corrected, molten

76 A1203  19500 corrected

13.5 Cr2 03

W-Mp-75-69 14 Ta Melting 1925 corrected, molten

73.1 A1203  i94o ° corrected

12.9 Cr203

W-Mp-75-70 16 Ta Melting 19250 corrected, molten

73.1 A1203  19400 corrected
12.9 Cr2 03

W-Mp-75-70 16 Ta Melting 18920 corrected,
71.4 A12 0? molten 19300 corrected

12.6 Cr203

W-Mp-75-71 9.5 Ta Melting 18810 corrected,

2.5 Cr molten 19300 corrected

76.5 A1203
13.5 Cr2 03

W-Mp-75-72 13.3 Ta Melting 18900 corrected,
3.5 Cr molten 19200 corrected

73.1 A12 0 3

12.9 Cr203
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Table I (Cont'd)

RtU,4j Mat,-rial (Wt ,) Remarks ( 0 c)

W- 5-Y 15.2 Ta 1elting iO20-i'1300 corrected, molten 1)40 °

4.0 Cr corrected; rapid meltin: once started

71.4 AL,03

12.(6 Cr 2 0_

W-M-75-74 5 Cr Melting 20500, molten 20600 corrected

a5 Al2O3

W-!.vr- 5-75 7 Cr Melting 2040 ° , molten 2050o corrected

85 A120,-

00
W-Mp-75-v 11 Cr Melting 20400, molten 2050 corrected

52 A1- 2 03

;-::p-T5-77 5 Cr Meltin- 2035 ° molten 20600 corrected

85 A"203

W-?-5-7W 12 Cr MeltinF 16450, molten l670 corrected.

23.7" Al 2 0- Most of melt lost when basket

z.T'6 CrOz fused to insulation

4.4L !rO- 
-

6.1 -t"o3

W-c-75-7' 1P "r Meltin: 16500 molten 16700 corrected

(5/2 75' 22., Al 2C
2 .6 C r e, 3
2.n rO

5. C Yo3

W-:.:P-75-C 23 Cr '.!elting 1670-1680 °, molten

20.73 A1 2 03  1730 corrected.

20.75 Cr,0 3

30.13 ZrO 2

5.32 Y203

W-:.p-75- l 2 " Cr Melting 16620, molten

19 .LL AI20q 16900 corrected

19.44 Cr2 0

2". 15 ZrO2
L. 9 7 v'2'
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Table i (Cont'd)

Ru# aerial (Wt~ ?, rk2r

W-Mp-75-82 14 Ta elting 16800, molten 1750f orrectei.
43 A]-20Q Repeated 1rj) ° meltin., 17),2 molte-n, not

43 Cr?0 3  clear that meltin; really ojQcrrred (r.ter"n:-)

W-Mp-75-3 14 Ta Melting 1585, molten 1(25 corrected
2?0 Ta 2 0 5

23 A12 03

23 Cr203

W-TM-75-8h 14 Ta Melting 1570 , molten 15PO0 correcteu

40 Ta2 05
23 A12 0 3

23 Cr203

W-Mp-75-95 14 Ta Melting 15400, molten 1553 corrected

40 Ta205
46 Cr203

W-MT-75-86 10 Cr Meltinr 1657, molten 17720, corrected.
90 Cr203  Melted, but edges still sharp, do over.

W--Mp-75-87 15 Cr Melting 1690, molten 1731 corrected.

85 Cr 2 0 3

W-Mp-75-88  20 Cr Melting 16570, molten 1708 corrected.
80 Cr 0 3  Close to eutectic hiut oxide rich.

W-MP-75-89 25 Cr Meltin: 1670, molten 17000, corrected

75 Cr 2 0 3

W-Mp-75-90 30 Cr Melting l690-1700o, molten 17100-1720

70 Cr2 03  Much eutectic, metal dendrites and a few
oxide dentrites. Guess eutectic -25 w/o Cr.

W-Mp-75-91 A1203  Melting 17850, 19890 - do over - don't use

sintered powder this data.

W-Mp-75-92 5 Cr Completely molten 2050 corrected. Some

95 Cr203  metal, extremely dispersed.
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Table 1 (Cont'd)

Rux Material (Wt %) Remarks ("C;

W :Cr elting' 2r)20°C, molten 205Q°corre-ct<-.

J2 Cr2C; Some eutectic like structu.re, --,tal
better dispersed than 5 w/o Cr.

W-Mp-75-94  10 Cr Melting 1774, molten 1845° . Very little

92 Cr20 eutectic, oxide _rains with metal in

boundari es.

W-v-75-')5 100 ) A12 0; L7 90 itcrirng, molt-n 20620, corrected

Sintered powder

W-MNp7-5-'4 5 -L Veltiri- 1987, molten 1998 C, corrected.

47.5 A120- Sample fuse-1 to heater, repeated

47.5 Cr20 melting 1(700, molten 199 °o, corrected.

W-Mp-75-97 10 Nb Melting 17550, molten 18080, corrected.

45 A1700 Repeated 17'70 melting{, 17850 moltcn

45 Cr203 Final sample very porous.

0

W-p-75-f 3  15 Nb Meltin7 1732 , molten 1750C corrected.

42.5 AI203  Final sample is more molten than -'7, still

42.5 Cr203  some porosity (rou:rhness in lower .... o •

W-Mp-75-99 5 Ta Melting 1753, molten 18110 corrected.

47.5 A12 03  Melted well but porous.

47.5 Cr 0-,

W-MP-75-100 10 Ta Melting 20630, molten 207. correc' ed.

45 A12 0 3  Melted fragments below basket appear as

45 Cr2 03  solid globs of melt with no porosity. Repeat

with smaller charge, tighter basket.

W-Mp-75-10l 15 Ta Melting 17850, molten 18080, porous. do over

42.5 Cr203  with smaller sample.

42.5 A1203

W-Mp-75-102 5 Ti Melting 17200, molten 17420. Nice melt in

47.5 AI203  compared with -101 but porous.

47.5 Cr203
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:tun q Ma!terial (Wt )hmr;K

-l.5 Ale 'otnICC Used to heater, a'; own,
"5 2r~~ 0 repeated, melting (0,mdte

10 Ti ~quite porous, L oxiuceaesmtlno

diffused, poor plsig

4--1-l. "5A-k2 3 M-elting i~ mol.ten p l0 'rus, por
C r., to polisi, uli ar to-

10 '-itr' ~GOr t
0

4-Mo75-l 42. 5 -M2 0 3  M''eltir 1o moe ten * m area o
r. 5:ntera t cr, w't i wire'- SccIn, oxdY.e at

9, grain souLnr-Jes (light--:r w-,,. "

en it . u;cod metal solw 2tr-n need mocre
met al.

4-Mp-T5-lOT 05 Alol; elting 201, mo)lten 6~
-5Cr 2 33

10 --a

K sK 45.2 A1203 Melting 115,molten 17--'0 an -l v er
L.52 C2 03porous, poor polish, two oxides W4" 1r,

15 Ta mary or iindissolved primary.

Y-Mr15-19 90Cr2 ® Meling-010'), molten 2o®,metal dis-

10 Cr persed1, primarily in G.B.

4I-Mrp-T5-1lC 88 A-10 3  M-elting, 20150, molten 20250.

12 Cr

2-uI-u 85 Al 2 03  M eltin 0300, molten '0 lo, ver'. dens e
5 Or (nopo-res) , definite indicat ions of eutec-

tic, long whiskers eseilyat b, uniaries-

need more metal.

W-Mp-75-1121 79 Cr203 Melting- 1690c, molten72.

21 Cr



Table 1 (Cont' )

Run q Material ('Wt %) Re.marks {C2

[ 4 Cr76 'rM;tinr 1(7'0 otr ~J

C r2 .M!ting 1(7"4, molten 1691 good eutectic

3t Cr structures, best -2' w/o. Porosity but

not excessive.

-I-3eliirg 1720C , molten 1732 ° , dark (trans-

Cr'r 3  parent) primary grains, boundaries oxioe-
2'- Jb oxide (sub) eutectio and metal-oxide (sub;

eutectic.

...,_e35 ;,. 1 3 n 17100, some mel. drred Yrom asket,

41.5 CrC 03 structures like -i15.

,'-. :-,>-l.l 11 Al203  Melting l720 ° , molten 7110, 3 phases, no

41 Cr2C 3 sign of eutectics.

18 :b

1;-:4-T5-1!8 .. 5 A!20C3  Melting 17320, molten 1753".

44.5 Cr2 03

11 Cr

-X-7-1 414 Ah 3  elting A170".

"4 Cr203
12 Cr

,, -5-12 43.5 ".12 03  Melting 17000, molten 17320, metal poor,

13.5 Cr20 3  good eutectic structure but with porosity.

13 Cr Structures better than -118 & -119. Evi-

dence of reaction with V.

W;-Mp-75-121 74.8 A1 2 03  Melting. 18320, molten 1895.

13.2 Cr20 3

12 Cr

'--p-75-122 73.95 Al2O 3  elting 1825". molten 1880".

13.05 Cr 2 03

13 Cr

L ON~



Table I (Cont'd)

____ :>attrial (Wt %) Remarks (0 C)

" "- 44.5 Al 03  Melting 17370, molten 17640.

4.4.5 Cr 2 03

i Cr

--4 Al20 3  Melting 17320, molten 17640.

44 Cr,203

12 Cr

1 41 4Melting 17250, molten 1753 ° .
L4 Cr 2 ,03

12 Cr

W-Mp-75-126 43.5 A20? Meltin 17050, molten 17320.

43.5 Cr 2 03

13 Cr

W.-M-75-127 80 Cr2 03  Partly melted 20300.

'C Cr

W-p-75-128 75 AlI20 3  Melting 20100, molten 20300, fine disler-

25 Cr sion of metal, no regular structure. !.!eta!

associated mostly with G.B., oxide diffi-

cult to polish without pits depending upon

orientation.

W-!p-75-129 55 Ai 2 U3  Molten 20100, very close to euLectic, no

45 :-!gO evidence of reaction with W (!sGO-spinel.

W-11p-75-130 46.75 A1 2 03  Melting 2000c, molten .020, (','gO-spinel

38.25 MgO eutectic). Cr metal dispersed but not

15 Cr regular, long Cr whiskers, significant

attack on W by melt.

W-Mp-75-131 97.3 A1 2 03  Molten 20100, difficult tc see, apparently

2.7 MgO off eutectic, lots of dendrites.

W-Mp-75-132 82.7 A1 2 03  Melting 19650, molten 1975", metal dispersed

2.3 MgO but no regular structure. Can't see A120 3-

15 Cr spinel eutectic, many pits during polishing.
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abeI (Cont'd)

fu f Material (Wt /') !-emarks ('C)

w-: 4 -75-33 8.3 gO- c~tng ~ Q~ mole' 773", muilite-zircon

31. 7 ZrO2 cpor;,i-r St-ructure filledi with den-
3 0 Si),- drit es whi-i have "deco)mposed" to eutectic-

1ike struictures, Fa;ILarent glass between
dendrites.

4-M'-"3l 3t 32.5 AlJ 3  ~ lit-:~con-r, etal not verv soluble,

2b.95 Zrc'2 n.ot di-spersed, wherfl i, appr.-ars there are

25.5 "'iO2  dendri-,es -,f ain addit ional darkr-r phase

15 Cr C'i .rJ~

W.-M'-'r- -35 38 A1233 te tin g 1(0,molten F25 , suge st i-n of

3 r;' 2ndI oxide rhase. Rod-like eu*.e2' ic, metal

8-'a incomplTetely dissolved. Kecr-od oxide may,

U Cr 1,e oazoe vhase of dif fere7nt Cri'en-at4 Dn whic h

TnoliShe3S differently.

W-: 1 -7-13 {oAl-~ Mltig1930', molten 1955, , deg- enerate

eo etc ic >.Additional -'nasc- -r cohip-

It) Cr outs" during7 polishing.

To Ai03  elting 1930, molten 19550, excess 7,tal,

16 ("r som-e rod-like eutleCtic, poor 2i sV

8 -La

W-Mp-75-138 27.5 A1 2 0 3  Melting 16900, molten 17100, excess metal,
27.5 Cr 2 03  not well dispersed. Sorie rod-like euitectie,

15 Ta 2 oxide phases, metal globs 2 phase.

30 Cr

W-Mp75-19 3.5 P 2 03 Melting 19500, molten 19750, rod-like eutec-

38.5 :.:go tic (mietal. whiskers) in between acicular

20.1 Cr crystals, metal not well dispersed. Me'tal

9.9 Ta globs 2-phase. System looks worthy of

further effort.

W-Mp-75-lhO 38 A120)3  Melting 16900, molten 171510.

38 Cr20 3

18 Ta
t6 - Cr



Table I (Cont'd)

Run # Material (Wt R) 3emarks ('C)

W-Mp-75-141 27.5 Al203  Melting 15800, molten 16150, porous, poor

27.5 Cr203  metal solubility.

33.75 Ta

11.25 Cr

W-Mp-75-142 38.5 A-1203  Very dense, transparent, primary phase

31.5 Mg0 (dark) in excess, metal solubility poor

9.9 Ta except for good ternary eutectic in grain
20.1 Cr boundaries. System worthy of further

investigation.

W-Mp-76-7 81 Cr.,( 3  Attempt to make FeO.Cr20 3 -Cr20 3 eutectic,

14.a Fi'O 3  at 18000 C reaction with W basket.

S4.9 Fe

W-'4-76-8 , A1,. 3  Attempt Cr20 3 -A 2C 3 S.. with TaCr 2 -Cr

5. Cr283  eutectic. Melted 16380, globs of metal,

15 2r semi-dendritic; grains contain some good
" Ta eutectic, others clear, a sharply defined

grain boundary phase appears to be un-

scratched. in some area this phase is

dispersed, may cause poor polish. Is

Ta2C5 present?

W-Mr-76-9 21.5 Al__x Melted 1P500 , globs cf semi-dendritic metal,
*L.5 Cr2( 3  cannot see metal-metal eutectic. Grain

20 Cr boundary phase as in -o.

10 Ta

W-Mp-76-l0 81 Cr20 3  Repeat of -7, material fell through W bas-

14.1 Fe2 03  ket above 18000 C, did not melt.

4.9 Fe

W-p-76-11 62.4 Cr20 3  Material reacted with W basket at 1750o0.

10.8 Fe2 03
3.8 Fe

23 Cr

W-Mp-76-12 62.4 Cr20 3  Melted in MgO crucible at 1960 ° , "Eutectic"

10.8 Fe203  metal-ceramic in grain boundaries.

3.8 Fe
23 Cr

25



Table I (Cont'd)

Run f Material (Wt %) Remarks ('C)

W-Mp-76-13 62.I. Cr O3  Melted 18000 C in alumina crucible, not much

10.8 Fe20 3  reaction although crucible leaked, micro-

11.8 Fe structure similar to -12.

15.0 Cr

-7 62.4 Cr203 Reacted with alumina crucible (boiling?)

10.8 Fe2 03  atl17600 C.
3.8 Fe
15.5 Cr
7.5 Ta

20.6 A1 2 0 3  Good melt, some reaction with ZrO2 crucible,

142.4 Cr2 03  many interesting structures. Melted 172C0 ,

3.8 Ye oxide-oxide eutectic looks like Y20 3-Zr02

10.8 Fe 2 0 3  solid state reaction, considerable metal
23 Cr solubility.

-720.6 A1 2 03  Melted 18000, reaction and some melt

02.4 Cr203  through of crucible.

10.8 Fe203
15.0 Cr
11.8 Fe

W-Mp-76-17 30.8 Cr 2 0 3  Did not melt completely at I8400O, slight

46.2 FP2C3 reaction with spinel crucible.

23.0 Cr

W-p-76-18 15.4 Cr 2 0 3  Melted through bottom of alumina crucible

61.6 Fe2 0 3  at 18000.

23 Cr

W-Mt-76-19 21.5 1203 Melted through bottom of alumina crucible
08.5 Cr2 03  at 16800.

20 Cr

W-:!p-76-20 21.5 AI20 3  Melted through bottom of ZrC-2 crucible at
48.5 Cr2(03  17500.

10 Cr

20 Fe

z'6



Table I (Cont'd)

Run # Material (Wt %) Remarks ('C)

W-Mp-76-21 21.5 A_20 3  Melted through bottom of ZrO2 crucible at
49 Fe20 3  17200.

6 Cr

24 Fe

W-Mp-76-22 62.4 Cr20 3  FeO'Cr2 0 3 -Cr20 3 eutectic + Cr-Cr2Ta eutec-

10.8 Fe 2 03  tic, partial melt in 1 3/8" bond CVD tungsten

3.8 Fe tube; metal globs, fine dispersion of metal

15.5 Cr in eutectic only near end. Much evidence of

7.5 Ta sharp-sided grain boundary phase, may disperse

to form "microporosity" on polishing.

W-Mp-76-23 62.4 Cr 2 0 3  Repeat of -13 with tungsten; melted at 18800,

10.8 1'e2 03  good metal solubility but metal rich. Some

11.8 Fe reaction with W. Matrix rough, perhaps due

15.0 Cr to spinel formation. Metal globs 2-phase.

W-Mr-76-24 81 Cr2 03  Repeat of -10 in W, melted well at -1840,

41.1 Fe 2 03  some reaction with W. Two yhase metal globs

4.9 Fe + pores. Grey, sharp edged phase again at

boundaries, primary grains filled with chips

or pits. Conclude Fe not all converted to

FeO. Fe20 3.

42.4 Cr 2 03  Repeat of -16 in W, good melt at 18900, some

20.0 A1 2 0 3  liquid lost through crucible. Considerable

10.8 Fe 2 0 3  porosity, metal globs, considerable metal

11.8 Fe solubility on a fine scale, some large grains

15.0 Cr of completely dense oxide.

W-Mp-76-26 30.8 Cr2 03  Repeat of -17 in W, Fe 2 0 3 , Cr20 3 + Cr, melt-

46.2 Fe2 03  ing at -2000", 2-phase metal S.S. globs, some

23.0 Cr metal dispersed well, good eutectic in one well

melted area. Oxide tends to fine scale pits

or pcrosity.

.- Mp-76-27 15.4 Cr2 03  Repeat of -18 in tungsten, melted at,21890° ,

61.6 Fe 2 03  some melt lost through W. Microstriicture

23 Cr similar to -2u but more porous. Evident W

solubility, second phase in metal globs

apparently W.

27



Table I (Cont'd)

Run # Material (Wt %) Remarks ('C)

W-Mp-76-28 21.5 A-120 3  Repeat of -19 in tungsten, melted -17900,
48.5 Cr203  very find metal dispersions.

20 Cr

10 Fe

W-Mp-76-29 21.5 A12 03  Repeat of -20 in tungsten, melted -18 600 ,

48.5 Cr2 03  more dense than -28, very fine eutectic,

10 Cr whiskers not crystallographic, excess metal,

20 Fe some primary oxide (A1203?), slight reaction

with crucible.

21 Cr20 3  Repeat of -21 in W, melted ';8o5f. Gcod

49 Fe203  disperse metal-metal oxide throughout.

6 Cr 2-phase metal reaction layer at W wall,

24 Fe internal globs appear to be single phase.

28
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FIG, I

TENSILE STRENGTH OF Ni3AI-Ni 3Cb EUTECTIC
AS A FUNCTION OF TEMPERATURE AND (INTERLAMELLAR SPACING) 2

(REF. 1)
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FIG 3

STRENGTH OF A120 3-ZrO 2 (Y20 3) EUTECTIC AT 15750 C

COMPARED WITH POLYCRYST. A12 03
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FIG. 4
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SCHEMATIC OF TUNGSTEN WIRE-BASKET MELTING POINT FURNACE

W WIRES ATTACHED TO
UPPER TRAVERSE

QUARTZ WINDOW
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FIG. 6
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FIG. 7
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FIG.8

MICROSTRUCTURE FORMED BY MELTING MULLITE-ZIRCON
EUTECTIC COMPOSITION
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MICROSTRUCTURES FORMED BY MELTING 21 w/o Cr2O3,
49 Fe203, 6Cr AND 24 Fe



FIG. 10
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FIG 11

TRANSVERSE MICROSTRUCTURE OF BINARY EUTECTIC

Cr

C,,0 3  Ai2 03

I 



FIG. 12

LONGITUDINAL MICROSTRUC IURE OF TERNARY EUTECTIC
24 w/o Cr, 28 w o ZrO2 , 4.6 wo Y2 0 3 , 21.1 w/o Cr 2O3 , 21.7 w/o

A 2 O3 DIRECTIONALLY SOLIDIFIED Al0.5 CM'HR



TRANSVERSE MICROSTRUCTURE OF 24 w/o Cr, 23.5 A12 03 , 23.5 Cr 2 O3 , 25 ZrO2
AND 4Y 2 03 EUTECTIC GROWN PARALLEL TO THE 102241 OF A SAPPHIRE SEED



FIG. 14

WEIGHT GAIN OF DIRECTIONALLY SOLIDIFIED TERNARY EUTECTIC

24 w/o Cr. 28 w/o ZrO 2 , 4.6 w/o Y3,21.7 Cr 2 O3 , 21.7

w/o A12 03 IN AIR AT 1425
0 C
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